Since Internet of Things devices should ideally be self-powered, there is great demand for devices with ultra-low operating voltages that can run on energy harvested from a noisy environment. In this paper, a novel all spin logic (ASL) device with voltage controlled magnetic anisotropy (VCMA) effect amplified by negative capacitance (NC) is proposed for the first time. This novel device can operate at a working voltage as low as 1 mV. A three-step pulse scheme is also proposed. Based on simulations of the VCMA effect and the NC effect coupled with the spin modular approach, the feasibility of the proposed ASL device with a 1-mV working voltage and its immunity to variations in device parameters and supply voltage are analyzed.
I. INTRODUCTION
Because of their unique working environment, it is preferable for Internet of Things (IoT) devices to be self-powered [1] . The voltage collected by an antenna from environmental electromagnetic noise is in the range of μV∼mV [2] . However, the threshold voltages of traditional CMOS devices are such that these devices cannot be driven by such low voltages because of the existence of 60 mV/dec sub-threshold slope. Among the beyond-CMOS options, all spin logic (ASL) devices based on lateral non-local spin valves with spin transfer torque (STT) effect are regarded as one of the most promising candidates for replacing CMOS devices [3] . The working voltage of an ASL device can be as low as tens of mV, but this is still too high [4] for self-powered IoT application. Thus, neither CMOS nor ASL devices can be directly driven by rectified environmental electromagnetic noise; instead, energy saving and voltage boosting parts are required. All of these additional parts increase the complexity and cost of IoT chips.
In our previous work, it was shown that by incorporating voltage-controlled magnetic anisotropy (VCMA) effect into ASL devices [5] - [7] , the energy consumption per switch of such devices can be considerably improved, and the requirement for an external magnetic field accompanying the VCMA effect can be eliminated through the introduction of a negative capacitance (NC) effect [8] - [11] . In this work, we propose that by combination of a ferroelectric (FE) layer and a MgO insulator layer with carefully designed thicknesses, the voltage applied to the CoFeB layer can be amplified by a sufficiently large ratio to enable an ultra-low 1 mV working voltage for ASL devices. The feasibility of our proposed device and its immunity to variations in fabrication and environmental conditions are analyzed by means of physically based simulations.
II. DEVICE STRUCTURE
As shown in Fig. 1a , the VCMA effect is a phenomenon in which the energy barrier between two stable positions 2168-6734 c 2018 IEEE. Translations and content mining are permitted for academic research only.
Personal use is also permitted, but republication/redistribution requires IEEE permission. VOLUME 6, 2018 See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. 245 of the magnetic moment in a thin CoFeB layer with perpendicular magnetic anisotropy (PMA) can be lowered (enhanced) by applying a positive (negative) voltage to this thin ferromagnetic layer [12] , [13] . This effect can be formulated as
where K ani (0) is the anisotropy constant under zero voltage, ξ is the VCMA coefficient, and t ox is the thickness of the oxide layer. The magnetic moment in a thin PMA CoFeB layer becomes more stable in the ±z direction under the application of a negative voltage. By contrast, a positive voltage will lower the energy barrier, thus causing the magnetic moment to become volatile in the z direction. A small perturbed inplane magnetic field will easily rotate the magnetic moment of the CoFeB layer to the in-plane direction. This finding has been employed by many researchers in proposals of memory and logic devices [14] - [16] . However, it is cumbersome to include a magnetic field on a chip [17] - [20] . Fortunately, more careful observation of Fig. 1 suggests that the energy barrier will become negative with a further increase in the applied positive voltage. With a negative energy barrier in the z direction, the z direction will become a hard axis instead of an easy axis, and the in-plane direction will be energy-favorable.
According to Eq. (1), to obtain a negative energy barrier, the product ξ V must be sufficiently large. As noted by K. L. Wang, the greatest obstacle hindering the VCMA effect in practice is an excessively small VCMA coefficient ξ [21] . The VCMA coefficient is enhanced greatly to be around 300 fJ/Vm in recent years [22] - [25] . However, it is still far below the required value for stand alone MRAM devices smaller than 32 nm [21] . Consequently, to achieve a negative PMA field in a CoFeB layer, a voltage as high as 3 ∼ 4V is required, which is too high for practical use. In our previous work, we proposed the use of a negative capacitance to amplify the applied voltage to a sufficiently high value. The amplification structure is shown in Fig. 1b . The proposal is to add an FE layer and a MgO layer on top of the CoFeB layer, which is experimentally feasible [26] . As a result, a voltage V MgO can be obtained as follows:
Through careful selection of the thicknesses of both the FE layer and the MgO layer such that C FE + C MgO ≈ 0, the voltage applied to the CoFeB layer can be amplified to be much higher than the applied external voltage V 1 − V 2 . The proposed ASL device design is shown in Fig. 1c .
III. SIMULATION RESULTS AND DISCUSSION
For a 1 mV applied voltage to be sufficient to drive the magnetic moment in a CoFeB film from the z direction to the in-plane direction, the key is to amplify the applied voltage with a very large amplification ratio. For an applied voltage V FE of 1 mV, the voltage applied to the CoFeB layer after amplification with a 0.3 nm MgO layer and an FE layer of varying thickness was simulated based on Landau-Khalatnikov (LK) theory, and the results are shown in Fig. 2 [27] . Here P(Zr 0.2 Ti 0.8 ) FE layer is used as an example material. Hf-based FE layer which is more attractive to the CMOS technology community also can be used as negative capacitance to amplify VCMA effect [28] - [30] . When the thickness of the PZT FE layer is in the range of 11.2∼11.4 nm, the voltage applied to the CoFeB film can be higher than 0.15 V, which means that the amplification ratio is larger than 150. With an energy barrier of = 40k B T and nanomagnet dimensions of 160 × 160 × 1 nm 3 in the ASL device input/output, the PMA field without the VCMA voltage is denoted by H k . The voltages required to obtain PMA fields of −1×, −3× and −5 × H k are plotted as horizontal lines in Fig. 2 . It can be observed that an applied voltage of 1 mV can lead to a PMA field of −1×, −3× or −5 × H k with a PZT layer thickness of 11.25, 11.35 or 11.45 nm, respectively.
The operation of the proposed NC enhanced ASL device can be divided into three stages, as shown in the inset of Fig. 3 . In the preset stage, a 1 mV voltage is applied to terminal T 1 in Fig. 1c , causing the magnetic moment of the CoFeB layer to rotate from the z direction to the in-plane direction. Then, in the pulse stage, a current is injected into terminal T 2 of the ASL device at a 1 mV voltage, causing the magnetic moment to deviate from the in-plane direction. Finally, in the relaxation stage, a negative 1 mV voltage 246 VOLUME 6, 2018 is applied to terminal T 1 , causing the magnetic moment to quickly rotate back to the stable ±z position. The operation of the NC enhanced ASL device was simulated using spin modular approach coupled with the additional VCMA and NC effects [27] . Since the applied voltage in the simulation was 1 mV, the influence of thermal fluctuations could not be neglected. V STT is the voltage applied in the ASL device input during the pulse stage. The results show that for a positive voltage V STT , the 'copy' operation is performed, whereas the 'invert' operation is executed with a negative V STT . The two vertical blue dashed lines in Fig. 3 indicate the separation of the three operation stage. The time period between the two vertical blue dashed lines indicate the pulse stage when STT current is injecting into the ASL device input. Before this time period is the preset stage and after is the relaxation stage. The simulation results clearly show that the proposed device can work correctly under 1 mV working voltage even with the consideration of thermal noise. The working frequency is about several MHz which is acceptable for IoT applications. In addition, the energy consumption of such one logic operation is 2.6 fJ.
The confirmation of the correct function for NAND, NOR, AND and OR logic operations with all four different input combinations is shown in Fig. 4 . In all of there simulations, random thermal fluctuation noise is included. "11" means the two inputs for majority logic gate are both logic '1'. The correctness of the logic functionality is obvious.
As shown in Fig. 2 , the amplified voltage is very sensitive to the thickness of the PZT FE layer. However, thickness variations will inevitably arise in the fabrication process. We consider the influence of these variations in Fig. 5a . For a PZT thickness of 11.35 nm, which corresponds to −3×H k , Fig. 5a shows that a ±0.1 nm variation in the PZT FE film thickness will not affect the correct operation of the ASL device. The intent is for the proposed NC enhanced ASL device to be directly driven by environmental electromagnetic noise. However, the amplitude of this electromagnetic noise will typically exhibit large variations, and we consider VOLUME 6, 2018 247 the influence of these variations in Fig. 5b . V FE is the voltage applied in preset stage and relaxation stage between Terminal T1 and ground. V pulse is the voltage applied in pulse stage between Terminal T2 and ground. It can be seen that with 1 mV as the standard working voltage, ±50% fluctuations in the supply voltage will not affect the correct operation of the ASL device. In Fig. 5c , we present the results of a statistical simulation of variations in both the PZT thickness and the supply voltage. For a PZT thickness of 11.25 nm and a 0.5 V supply voltage, the switching time is too long; therefore, we do not plot the corresponding results in Fig. 5c . The findings prove that our proposed NC enhanced ASL device is immune to ±0.1 nm variations in PZT thickness and ±50% variations in supply voltage. The ±0.1 nm variations in PZT thickness is hard to achieve in fabrication process. Such small variation requirement comes from the ultra low 1 mV working voltage since an amplification ratio larger than 100 is demanded.
IV. CONCLUSION
In this work, we proposed an NC enhanced ASL device that can operate under an ultra-low voltage of 1 mV. The feasibility of our proposed device and its immunity to variations in the FE layer thickness and supply voltage were analyzed by means of physically based simulations. Our proposed device represents an advance in the development of self-powered IoT devices driven by environmental electromagnetic noise.
